An improved baculovirus expression vector was developed to expedite screening and facilitate oligonucleotide-directed mutagenesis. This vector contained twin promoters derived from the P10 and polyhedrin genes of Autographica californica nuclear polyhedrosis virus. The P10 promoter directed the synthesis of I8-galactosidase, whereas the polyhedrin promoter controlled the synthesis of foreign gene products. These two genes recombined with wild-type virus genome to yield recombinants which were polyhedrin negative, produced the foreign gene product, and formed blue plaques when ,1-galactosidase indicator was present in the agarose overlay. An origin of replication derived from M13 or fl bacteriophage was also included in the plasmid to permit the synthesis of single-stranded DNA. This template DNA was used to introduce or delete sequences through the process of site-specific mutagenesis. The measles virus virion possesses a membrane envelope which contains two glycoproteins: the hemagglutinin (H) and membrane fusion (F) proteins. The H polypeptide has receptor-binding and hemagglutinating activity, whereas the F protein mediates virus penetration of the host cell, formation of syncytia, and hemolysis of erythrocytes. Genes for these two glycoproteins were inserted into the NheI cloning site of the modified expression vector described above. The vector and purified wild-type viral DNA were introduced into Sf9 insect cells by calcium phosphate precipitation. A mixture of wild-type and recombinant virus was generated and used to infect Sf9 cells, which were subsequently overlaid with agarose. After 3 days, 0.1 to 1% of the plaques became blue in the presence of ,l-galactosidase indicator. At least 70% of these blue viral colonies contained the foreign gene of interest as determined by dot blot analysis. Recombinant virus was separated from contaminating wild-type virus through several rounds of plaque purification. Insect cells were then infected with the purified recombinants, and synthesis of H and F proteins was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by immunoblot detection and Coomassie blue staining. Glycosylation of the proteins appeared to be impaired somewhat, and the precursor to the F protein was not completely cleaved by the proteases present in insect host cells. On the other hand, both proteins appeared to be active in hemagglutination, hemolysis, and cell fusion assays. Levels of synthesis were in the order of 50 to 150 mg of protein per 108 cells.
The baculovirus-insect cell expression system has gained wide popularity as a means of expressing foreign genes for high-level production of relevant proteins (27, 36, 55) . Baculovirus expression vectors use the strong, efficient promoter from the polyhedrin gene to direct transcription of the foreign gene. Polyhedrin protein is normally synthesized very late in infection (24 to 72 h postinfection) and can account for 20 to 50% of the total protein made in infected cells. This protein, which is not essential for virus replication, associates with virions in the nucleus to produce protective structures called occlusion bodies. These bodies can easily be discerned by light microscopy (59) . The underlying principle behind this expression system relies upon vectors which direct recombination and substitution of the polyhedrin gene with the foreign gene of interest. Recombinant virus is produced, which forms plaques that are occlusion body negative and express the foreign gene product to various degrees.
The most widely used transfer vectors for introducing foreign genes into wild-type baculovirus are pAc373 (50, 51) , insertion of foreign genes under their own promoter control. This vector was used to express chloramphenicol acetyltransferase controlled by the promoter from the long terminal repeat of Rous sarcoma virus (4) . Low levels of chloramphenicol acetyltransferase were synthesized in lepidopteran, dipteran, and mammalian cells. Both promoters were tissue specific, and viral replication was host dependent and occurred only in lepidopteran Sf21 cells. Investigators in another laboratory constructed a baculovirus expression vector which contained two polyhedrin gene promoters (10) . One promoter controlled synthesis of the normal occlusion body protein, and the other directed synthesis of the nucleocapsid protein from lymphocytic choriomeningitis virus. This vector produced occluded recombinant virus. No baculovirus vector expressing foreign genes under control of the strong polyhedrin promoter together with another promoter controlling 3-galactosidase synthesis has yet been described. Such a vector would greatly facilitate the screening and purification of recombinant virus by generating blue recombinant colonies in plaque assays.
Our laboratory has been interested in obtaining large quantities of viral membrane proteins for the purpose of studying virus-host cell interactions. For this reason, we decided to express the two membrane glycoproteins of measles virus in the baculovirus expression system. The membrane fusion (F) and hemagglutinin (H) proteins of measles virus have been cloned and sequenced in our laboratories (1, 43) . The H protein is responsible for host cell attachment and confers hemagglutination activity to the virus. The F protein, on the other hand, directs penetration of the host cell by the virus, causes formation of syncytia or giant cells, and mediates hemolysis of erythrocytes. All these activities involve membrane fusion and require processing of a precursor protein (FO) by a cellular protease (47) (48) (49) to yield two disulfide-linked subunits (F1 and F2). By analogy, the env protein of human immunodefficienty virus is also cleaved by proteases and also possesses membrane fusion activity (26, 30, 33, 53) .
The H protein of measles virus was recently expressed in an adenovirus helper-free vector system at levels 65 to 130% of those seen in cells infected with measles virus (2) (38) and the vaccinia virus expression system (39, 54, 60) . Levels of expression in these systems are disappointingly low, however. In an attempt to increase the production of recombinant protein, the hemagglutinin-neuraminidase protein of parainfluenza virus type 3 has been synthesized in a baculovirus expression system (7) .
In this paper we report the construction of an improved baculovirus expression vector designed to accelerate the screening of recombinant virus and permit oligonucleotidedirected mutagenesis. This vector contained two promoters active very late in infection: the P10 promoter and polyhedrin promoter. P10 is a protein synthesized very late in infection, and it plays some role in the assembly of occlusion bodies (52) . The sequences of the P10 promoter and P10 gene product have been reported (21, 24) . The P10 promoter has been used in our laboratory to direct the synthesis of P-galactosidase while the polyhedrin promoter controlled the synthesis of the foreign gene products. The two genes, together with their promoters, recombined at high frequency with wild-type viral DNA to yield recombinant virus, which produced blue plaques when infected cells were overlaid with agarose containing P-galactosidase indicator. An origin of replication from fl bacteriophage was included in the plasmid construction to facilitate the synthesis of singlestranded DNA (ssDNA), which could subsequently be used to introduce mutations with oligonucleotides (34, 46) . This vector was used to express the F and H genes of measles virus in Sf9 insect cells. These proteins were produced in large quantities and were biologically active in hemagglutination, hemolysis, and cell fusion assays. construct. To complete the P-galactosidase transcription unit, the coding region for this enzyme was removed from the vector pAc360 (supplied by Max Summers) by using BamHI. This gene was subsequently inserted into the Sall restriction site of the pUC19 construct by using blunt-end ligation.
MATERIALS AND METHODS

Cells
Another plasmid, IpDC125, was derived from pAc373 and was formed by including the origin of DNA replication from fl phage in the vector. This step involved the isolation of a 514-nucleotide fragment from pEMBL8 following digestion of the DNA with RsaI. The fl origin was inserted into the EcoRI site of pAc373 in an orientation which yields ssDNA that is complementary to polyhedrin or foreign gene mRNA. A plasmid with the fl origin in an opposite orientation (IpDC126) was also constructed but was not used in these experiments. IpDC125 was partially digested with Sall and ligated to the XhoI-BamHI fragment of pUC19 LacZ, which contained the transcription unit of P-galactosidase. The orientation of the various fragments was verified by using restriction endonucleases and DNA sequencing across the various junctions.
Additional changes in the modified pAc373 vector described above were made to include a unique NheI cloning site into which foreign genes could be introduced as well as to create an initiation codon for the P-galactosidase gene.
ssDNA was synthesized in E. coli CJ236 as described below. Two oligonucleotides [(ATG oligo)ATTTACAATCATGCC TGCAGAGCTCGGTACCATGTGCAGGTCGGATCCCGT CGTTTTACAACG and (NheI oligo)CAGTTTTGTAATAA AAAAACCTATAAATATTCCGGATTATTCATACCGTC CCACCATCGGGCGTGCTAGCGGATCCTTTCCTGGGA CCCG] were annealed to this ssDNA template, elongated with T4 DNA polymerase, and introduced into competent E. coli DH5. Mutant plasmids were identified by mapping with restriction enzymes, and incorporation of the correct oligonucleotide was verified by DNA sequencing.
Oligonucleotide-directed in vitro mutagenesis. The sitedirected modifications of the vector described above were performed by using the Muta-Gene in vitro mutagenesis kit (Bio-Rad Laboratories, Richmond, Calif.). This technique is based upon the method described by Kunkel et al. (22) , in which DNA is synthesized in a dut ung double-mutant bacterium to produce nascent DNA which contains a number of uracils in place of thymidine. The uracil-containing strand can be used as a template for in vitro synthesis of an oligonucleotide-primed mutant strand which does not contain uracil. When the resultant double-stranded DNA (dsDNA) is transformed into normal E. coli strains, the uracil-containing strand is inactivated and only the nonuracil-containing strand replicates.
Blunt-end ligations. Vector DNA (5 ,g) was digested with NheI, and 5' protruding ends were filled in with Klenow DNA polymerase. Vector DNA (2 ,ug) and insert DNA containing the foreign gene (2 ,ug) were ligated overnight at room temperature in the presence of 0.5 mM ATP and 2 ,1 (60 U) of T4 DNA ligase. Ligations were repeated the next day for 4 Nucleic acid dot blot hybridizations were performed by a published method (55) . Cells in microdilution plates were lysed with sodium hydroxide, neutralized with ammonium acetate, and spotted onto nitrocellulose paper by using a vacuum manifold. These filters were washed in 4 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate [pH 7]), air dried, and baked at 80°C for 2 h. The samples were prehybridized in 50% formamide-5 x Denhardt solution-5 x SSC-1% glycine-100 p,g of denatured herring sperm DNA per ml for 3 h at 450C. 32P-labeled probes were prepared by using the protocol supplied with the Multiprime nucleic acid kit (Amersham Canada). Probes were prepared from 0.5 ,ug of purified DNA containing the foreign gene of interest. Hybridizations took place in 50% formamide-5 x SSC-1 x Denhardt solution-0.3% sodium dodecyl sulfate (SDS)-100 ,ug of denatured herring sperm DNA per ml for 12 h at 450C. Nitrocellulose filters were then washed four times with 2x SSC-1% SDS for 10 min at 50°C and finally with 0.2x SSC-0.2% SDS for 5 min at 50°C. The filters were exposed to X-ray film overnight at -70°C.
Polyacrylamide gel electrophoresis and immunoblots. Total cellular proteins were lysed in electrophoresis sample buffer (0.06 M Tris hydrochloride [pH 6.8], 4% SDS, 40% glycerol, 3% dithiothreitol, 0.005% bromphenol blue). DNA was sheared by passage of the sample through a 26-gauge needle 10 times. Samples were applied to 8 or 10% acrylamide gels (acrylamide/bisacrylamide weight ratio, 37.5:1) and subjected to electrophoresis at 100 V overnight by the method of Laemmli (25) .
Following electrophoresis, proteins were transferred to nitrocellulose sheets and probed with antibody, and antigenantibody complexes were detected with radioiodinated protein A (3, 56) . The nitrocellulose sheets were incubated for 20 min at room temperature in phosphate-buffered saline (PBS) containing 5% powdered skim milk to block nonspecific binding. The sample was then incubated for 12 h with a 1/100 dilution of antibody in PBS containing 5% milk and J. VIROL.
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0.05% sodium azide. Filters were washed once with PBS for 10 min, twice with PBS containing 0.1% Triton X-100 for 10 min, and finally again with PBS for 10 min. Radioiodinated protein A (2 ,uCi) was added to a 40-ml solution of 5% milk-0.05% sodium azide in PBS and incubated with shaking for 2 h. The blots were finally washed with PBS for 10 min, twice with PBS containing 1 M sodium chloride for 10 min, and finally with PBS for 10 min. These nitrocellulose sheets were finally exposed to X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.) with intensifying screens for 6 to 12 h at -700C.
Analysis of carbohydrates. Proteins were digested with glycopeptidase F or endo H by published methods (45) . Cells (2 x 105) containing the appropriate recombinant protein were centrifuged at low speed, and the pellet was suspended in the appropriate enzyme incubation buffer. Incubations with glycopeptidase F were performed by using 100-,ul aliquots containing 50 mM Tris hydrochloride (pH 8.6), 25 mM EDTA, 1% Triton X-100, 1% 2-mercaptoethanol, 0.2% SDS, and 0.4 U of enzyme. For endo H digestions, the samples were made up to 100 pl with 0.1 M sodium acetate (pH 5.0), 0.15 M sodium chloride, 1% Triton X-100, 1% 2-mercaptoethanol, 0.2% SDS, and 2 mU of endo H. Incubations were allowed to proceed for 8 h at 370C. Proteins were precipitated by the addition of 250 ,ul of cold ethanol, briefly dried under vacuum, and subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblot analysis. Assays were allowed to proceed at 37°C for 12 h, erythrocytes were sedimented by low-speed centrifugation, and the amount of hemoglobin released was quantitated visually or by spectrophotometric measurement at 540 nm.
Cell fusion assays. Monolayers of Sf9 cells in 24-well microdilution dishes were infected with recombinant virus containing the H and F genes at a multiplicity of infection of 3 to 5 PFU per cell. Infections were allowed to proceed for 48 to 96 h in the presence or absence of N-acetyltrypsin (0.5 to 2.0 p.g/ml). Vero monkey kidney cells infected with measles virus was also included. These proteins were subsequently separated by SDS-polyacrylamide gel electrophoresis. expression system are generally larger than those produced in mammalian systems (27) . Proteins on duplicate acrylamide gels to those described above were stained with Coomassie blue and are shown in Fig. 3B (Fig. 5) . These polypeptides may represent partial glycosylation at the three asparagine sites on the F2 subunit or may reflect various stages during the processing of the mannose-rich glycoprotein precursor (19, 43 (58) . Unfortunately, the F2 subunit was not detected with the polyclonal antisera made available to us.
Addition of tunicamycin (an inhibitor of Asn-linked glycosylation) to Sf9 cells infected with the F recombinant abolished the synthesis of the two largest (61 and 65 kDa) Fo polypeptides (Fig. SC) . Two unglycosylated species (59 and 56 kDa) may correspond to the unglycosylated Fo precursor, with and without its signal peptide at the amino terminus. Vero monkey kidney cells normally support the replication of measles virus. Tunicamycin treatment of these mammalian cells prevented the posttranslational cleavage of F0, reduced glycosylation to yield the 56-kDa polypeptide (Fig.  SC) , and also dramatically inhibited the formation of syncytia by infected cells. We hypothesized that the difference in molecular masses between the 59-and 56-kDa Fo proteins may be due to defective processing of the membrane signal peptide by insect cells. Direct sequencing of the amino termini of these two polypeptides must be performed to substantiate this theory. Finally, further studies involving addition of radioactive sugars, pulse-chase experiments, peptide mapping, and protein sequencing are required to precisely define and identify these multiple Fo bands.
Two major protein species (68 and 65 kDa) were recognized by antisera directed against the H protein synthesized in insect cells. To prove that the lower band represented the nonglycosylated precursor, we digested proteins with endo H and glycopeptidase F. The results are summarized in Fig.  SB . Endo H appeared to have little effect upon the highermolecular-mass species, and this indicated that most of the mannose-rich precursor was processed to the trimannosyl core. On the other hand, glycopeptidase F completely converted the high-molecular-mass species to the smaller form. Tunicamycin treatment of infected Sf9 or Vero cells also modified the high-molecular-mass species to the fastermigrating 65-kDa protein (Fig. SD) . These experiments proved definitively that the lower protein band was a nonglycosylated form of the H polypeptide.
Recombinant H and F proteins were biologically functional in hemagglutination, hemolysis, and cell fusion assays. Recombinant H and F proteins were demonstrated to be biologically active in experiments involving cell attachment and membrane fusion assays. African green monkey erythrocytes were incubated with intact Sf9 cells which contained recombinant H protein. Hemagglutination between erythrocytes and these Sf9 cell suspensions was evident, and a reciprocal dilution titer of 2,048 was obtained. On the other hand, wild-type measles virus supernatants produced a titer of 512. Binding of erythrocytes to Sf9 cells which expressed H protein was also observed under the microscope (Fig. 6) . Insect cells which contained wild-type AcNPV, or cells which were uninfected, failed to agglutinate erythrocytes. Thus, the recombinant H protein appeared to possess the cell-binding activity characteristic of the hemagglutinin molecule of measles virus.
Hemlyosis of monkey erythrocytes can be produced by measles virus. This activity can be ascribed to the cleaved membrane fusion protein of this virus. Insect cells containing H or F recombinant proteins were frozen and thawed three times and incubated with erythrocytes overnight. This treatment was previously shown to increase the hemolytic activity of measles virus (11) . Hemoglobin was released into J. VIROL. ,ug/ml). The addition of trypsin was previously shown to 29 increase levels of infectivity and membrane fusion activity of paramyxoviruses (14, 47) . Formation of syncytia was still Sf9
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Vero not evident under these conditions. The acidity of the cell (Fig. 7A ) and wild-type AcNPV (Fig. 7B ) exhibited D> fewer syncytia and less membrane fusion activity at pH 5.8 eattachd toreombiantwhen compared with cells infected with the F recombinant eattached to recombinant F and (Fig. 7C ).
infected as described for Fig. 3 We concluded from these experiments that both recombiction. Vero monkey kidney cells nant H and F proteins were functional in biological assays ,(10 PFU per cell) and were for erythrocyte attachment, hemolysis, and membrane fun panels A and B, recombinant We were concerned that insertion of the ,-galactosidase transcription unit into the Sail region of pAc373 might disrupt either the function of the polyhedrin promoter or the replication of the recombinant virus. However, this modification appeared to have no effect on the expression of the foreign genes under the control of the polyhedrin promoter. In fact, expression of the H gene in pJV(NheI) was consistently higher than with the pAc373 vector (C. Richardson, unpublished data). Increased levels of expression of pJV(NheI) were due to additional nucleotides inserted in the polyhedrin leader region of pAc373. Since it was difficult to purify recombinant virus from contaminating wild-type virus, we were worried that normal virus might supply some sort of helper or enhancing factor to the recombinant. However, coinfection of recombinant virus with virus-type AcNPV or another recombinant virus generated from pAc373 failed to increase levels of foreign gene or 1-galactosidase expression. Recombinant virus also appeared to grow at the same rate as wild-type AcNPV once it was plaque purified. In summary, most blue plaques contained the foreign gene of interest, ,B-galactosidase activity, as well as the new gene product.
The criteria for optimal expression in the baculovirus system are only now being established. We patterned our expression vector after pVL941 (29) , in which the initiation codon of polyhedrin protein was mutated to ATT. The nonfunctional initiation signal for translation was followed by 33 bases from the coding region of polyhedrin mRNA situated next to an NheI cloning site. The highest levels of protein expression were previously observed when portions of the coding sequence of the polyhedrin gene were fused in phase with the foreign gene (28) . Other investigators have also demonstrated that 8 nucleotides adjacent to the initiation codon of polyhedrin protein are very important for efficient translation of recombinant mRNA (15, 32, 42 (19, 20, 36) . In most cases incomplete carbohydrate addition does not appear to impair the function of the protein.
However, the role of sugars in the immunogenicity of proteins produced for vaccine development remains to be ascertained. Cleavage of the membrane fusion protein occurs in the Golgi complex of the infected cell using a host protease (37 (6, 18, 23, 41) . A number of mammalian cell lines were also unable to cleave the membrane fusion protein of Sendai virus (14, 47, 48) . Another insect cell line, from Trichoplusia ni, was demonstrated to cleave Fo more efficiently, and the activity of this product is currently being investigated in our laboratory (Richardson, unpublished) .
We also noted that fusion protein synthesized in Sf9 insect cells appeared to be more active at low pH. This observation is reminiscent of the situation for membrane fusion induced by influenza virus (8, 9, 12 
